Fabrication of metal roller mold with submicrometer feature size using contact printing photolithography technique J. Vac. Sci. Technol. B 31, 031604 (2013) Improved imaging properties of thin attenuated phase shift masks for extreme ultraviolet lithography J. Vac. Sci. Technol. B 31, 021606 (2013) Nanoscale topographic pattern formation on Kr+-bombarded germanium surfaces J. Vac. Sci. Technol. The authors selectively deposited nanolines of titanium oxide (TiO 2 ) through atomic layer deposition (ALD) using an octadecyltrichlorosilane (OTS) self-assembled monolayer (SAM) as a nucleation inhibition layer. Electron-beam (e-beam) patterning is used to prepare nanoline patterns in the OTS SAM on SiO 2 /Si substrates suitable for selective ALD. The authors have investigated the effect of an e-beam dose on the pattern width of the selectively deposited TiO 2 lines. A high dose (e.g., 20 nC/cm) causes broadening of the linewidth possibly due to scattering, while a low dose (e.g., 5 nC/cm) results in a low TiO 2 deposition rate because of incomplete exposure of the OTS SAMs. The authors have confirmed that sub-30 nm isolated TiO 2 lines can be achieved by selective ALD combined with OTS patterned by EBL at an accelerating voltage of 2 kV and line dose of 10 nC/cm. This research offers a new approach for patterned gate dielectric layer fabrication, as well as potential applications for nanosensors and solar cells.
I. INTRODUCTION
Self-assembled monolayers (SAMs) consisting of organosilane molecules 1,2 have been used to tailor specific surface properties, [3] [4] [5] such as changing a surface characteristic from hydrophilic to hydrophobic or vice versa. One example is octadecyltrichlorosilane [CH 3 (CH 2 ) 17 SiCl 3 , (OTS)], which can form an SAM spontaneously on an SiO 2 /Si substrate. 6 OTS consists of an 18-carbon chain with a methyl group (-CH 3 ) as the function group and silicon-chloride (-SiCl 3 ) as the reaction group. Condensation reactions between -CH 3 and surface hydroxyl groups (-OH) result in a covalent bond on the SiO 2 surfaces. 7 The hydrophilic SiO 2 surface becomes hydrophobic due to functional groups (-CH 3 ) of OTS on the surface.
OTS SAMs have shown to be a promising candidate for selective deposition applications using metalorganic chemical vapor deposition (MOCVD) or atomic layer deposition (ALD). [8] [9] [10] [11] Selective deposition can be achieved by alternating the surface functional groups that decide nucleation and growth during metal oxide deposition. The terminal group of OTS (-CH 3 ) is hydrophobic, whereas some ALD precursors prefer to react with hydrophilic materials such as SiO 2 and/or -OH terminal groups. 12 Several techniques have been applied to selective-area metal oxide deposition by ALD and MOCVD using an SAM-treated substrate patterned by UV 12, 13 and soft lithography 14, 15 at micron or submicron scales. Researchers also have been able to scale the SAM pattern to less than 100 nm. 16 But few have explored scaling down a selectively deposited pattern. Among various lithography techniques, EBL offers the highest resolution, the most freedom of pattern design, and the least contamination from either the mold or mask which physically contacts SAMs. 17 During EBL, the SAMs on solid substrates can be reacted or removed to generate discernible patterns. 18 This is due to electron-beam (e-beam) cleavage of functional group (-CH 3 ) of alkyl chains in OTS. Research has been extensively applied using EBLpatterned SAMs for biomolecular deposition, 16, 19 while no one has reported selective ALD on EBL-patterned SAMs to the best of our knowledge.
In the past few years, titanium dioxide (TiO 2 ) films have been widely used for optical coatings and dielectric layers for large-scale integrated circuits because of their high refractive index and high dielectric constant. 20 In this study, we investigated scalability of the linewidth in selectively deposited TiO 2 thin films using OTS SAMs patterned by EBL as a substrate combined with ALD using titanium isopropoxide [Ti(OCH(CH 3 ) 2 ) 4 , (TTIP)] and water (H 2 O) as precursors.
II. EXPERIMENT
The overall process consists of four essential steps, as depicted in Fig. 1 as follows: (1) $5 nm thermal SiO 2 was grown on an Si <100> wafer as confirmed by an ellipsometer with a roughness of $0.3 nm, which offers a smooth surface for OTS deposition.
(2) SAMs were uniformly grown on an SiO 2 /Si substrate. OTS (purity 90þ%, Aldrich Co. Ltd.) with 90% toluene, a) Electronic mail: jiyoung.kim@utdallas.edu volume ratio 1:200, was used as a dipping solution to grow OTS for 4 h at room temperature. The sample was rinsed with toluene for 30 min in an ultrasonic tank to remove any physically adsorbed OTS molecules so that one monolayer of OTS could be achieved. The thickness of this monolayer estimated by the ellipsometer was $2 nm, which was close to the ideal thickness of an OTS monolayer. 21 Water contact angles were measured on bare Si, thermal SiO 2 , and OTScoated surfaces, as summarized in Table I . The OTS-covered surface was highly hydrophobic as expected. 22 (3) We precisely patterned SAMs using EBL. A field emission scanning electron microscope (Zeiss Supra-40) with nanometer pattern generation system (NPGS 9.0) was used to generate EBL patterns directly on OTS SAMs. The acceleration voltage was 2 kV and the beam current was about 35 pA. The approximate beam diameter was $2 nm, as estimated by the resolution of images on gold particles. The e-beam line dose from 1 to 20 nC/cm was tested by writing single-pass lines. After e-beam exposure, the sample was immersed into a 1:10 volume ratio of HNO 3 :H 2 O solution for 3 min to remove broken chains of OTS molecules. 23 (4) Only the e-beam exposed area had TiO 2 deposited during ALD process. TiO 2 was deposited by ALD (Cambridge Nanotech) at temperatures of 150 C. The deposition process was run for 150 cycles resulting in $3.2 nm thick TiO 2 thin films, as confirmed by simultaneous deposition on a bare Si wafer. After ALD process, the OTS monolayer could be removed by O 2 plasma depending on the requirements of the following applications.
For materials characterization, atomic force microscope [(AFM), Veeco Model 3100 Dimension V] images were obtained by scanning the pattern in air using tapping mode. A cross-sectional transmission electron microscope (TEM) sample of selective deposition patterns was prepared by liftout using a focused ion beam (FEI Nova 2000) with nanomanipulator, and characterized by a TEM (JOEL 2100).
III. RESULTS AND DISCUSSION
Compared with conventional e-beam resists, if the exposed material is thin and composed of sufficiently small subunits, such as SAMs, EBL can achieve relatively high resolution. 24 Researchers have reported that feature broadening with increasing electron dose is caused by incident scattering, focusing issues, backscattered electrons, including the proximity effect, and secondary electrons that contribute to an overexposure of SAMs. 25 On the other hand, OTS may require a threshold number of electrons with high enough energy to fully modify OTS SAMs at a designated area. We investigated the effect of dose of incident electrons at a 2 kV acceleration voltage on formation of an isolated TiO 2 nanoline deposited by selective ALD using patterned OTS on an SiO 2 /Si substrate. Figure 2 summarizes all AFM images of selective TiO 2 deposition with individual line patterns. At a low e-beam dose, such as 1-2 nC/cm, after ALD process, no sharp line was observed in AFM images, as shown in Figs. 2(a) and 2(b). But note that there is a wide and blurry line with about 150 nm width difference and no more than 0.5 nm height difference between e-beam exposed and unexposed areas. Since the incident and scattered electrons may incompletely react with the OTS functional group (-CH 3 ), growth of the TiO 2 layer would be retarded until all unreacted methyl functional groups are covered. As the e-beam dose increases, the selectively deposited TiO 2 line becomes distinct and continuous, as shown in Figs. 2(c)-2(e). This implies that lots of primary incident electrons are required to fully pattern the OTS monolayer.
For an e-beam dose of 10 nC/cm, in particular, the width and height of the oxide line pattern are $25 and $1.5 nm, respectively, as the AFM line profile shows [ Fig. 2(d) ]. Considering that the height of the OTS monolayer and thickness of TiO 2 are $1.8 and $3.2 nm, respectively, the measured step height of 1.5 nm is well matched to the difference between OTS and TiO 2 layer heights. On the other hand, for an e-beam dose of 5 nC/cm, the TiO 2 line is $20 nm in width and $1 nm in height [ Fig. 2(c) ]. This indicates that only a part of the OTS has reacted with electrons and becomes nucleation sites for ALD. As a result, an island type of growth becomes dominant, which requires an incubation time to have ALD growth at 5 nC/cm or lower doses. As the dose of incident electrons increases to 10 nC/cm, most OTS terminal groups in an e-beam exposed area are changed from hydrophobic (-CH 3 ) to hydrophilic (e.g., -COOH, -OH) properties, which allows layer-by-layer growth of TiO 2 films. Once the e-beam dose reaches 20 nC/cm, the metal oxide linewidth broadens to $30 nm [ Fig. 2(e) ], showing height similar to that of the 10 nC/cm case, possibly because of electron scattering effects. Figure 3 shows plots of both linewidth and step height versus e-beam line dose, which indicate 10 nC/cm as the optimized e-beam dose reaching the ideal TiO 2 thickness and smallest linewidth. As the TEM image in Fig. 4(a) shows, the e-beam unexposed area is almost TiO 2 -free. However, there is $3.2 nm thick TiO 2 deposited on the e-beam patterned area as shown in Fig. 4(b) .
We calculated the efficiency of EBL exposure on the OTS monolayer by defining average number of incident electrons reacting with single OTS molecules. Assuming an e-beam equally distributed within the width of a TiO 2 line 
where e is the electron charge, e ¼ 1.6 Â 10 À19 C. Based on Eqs.
(1) and (2) , an e-beam line dose of 10 nC/cm offers 2. . By comparing the number of electrons and OTS molecules in one unit area, we obtained the efficiency of EBL patterning of OTS as the required number of electrons per OTS molecule. To get the optimized exposure of the OTS monolayer for highest resolution of the selectively deposited TiO 2 line pattern, approximately 50 electrons are required for proper exposure of one OTS molecule. Since we assumed the incident beam to be uniformly distributed rather than following a normal distribution for simplicity, we can expect far fewer than 50 electrons involved in modifying the -CH 3 functional group to a hydrophilic terminal group. Further study is required to reveal the efficiency of incident electrons using a practical distribution of incident electrons, such as a normal distribution.
IV. CONCLUSION
In this research, we studied scalability of a selectively atomic-layer-deposited TiO 2 line using OTS patterned by EBL. The change in the functionality of OTS due to interaction with energetic electrons is the limiting factor for scaling.
The incident e-beam dose plays a significant role during selective ALD. This is because underexposure cannot provide sufficient reaction between OTS functional groups and electrons, whereas overexposure may cause pattern broadening. We have successfully demonstrated sub-30 nm wide individual TiO 2 lines on a patterned OTS surface by ALD with an accelerating voltage of 2 kV and e-beam line dose of 10 nC/cm. 
FIG. 4. (Color online)
Cross-sectional TEM images of (a) e-beam unexposed area that is TiO 2 -free after ALD and (b) e-beam exposed area that is covered by $3.2 nm thick TiO 2 after ALD.
